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What is a cell?

Cells are the basic building blocks of all living things. The human body is
composed of trillions of cells. They provide structure for the body, take in
nutrients from food, convert those nutrients into energy, and carry out specialized
functions. Cells also contain the body’s hereditary material and can make copies
of themselves.

Cells have many parts, each with a different function. Some of these parts, called
organelles, are specialized structures that perform certain tasks within the cell.
Human cells contain the following major parts, listed in alphabetical order:

Cytoplasm (image on page 7)

Within cells, the cytoplasm is made up of a jelly-like fluid (called the cytosol)
and other structures that surround the nucleus.

Cytoskeleton

The cytoskeleton is a network of long fibers that make up the cell’s
structural framework. The cytoskeleton has several critical functions,
including determining cell shape, participating in cell division, and allowing
cells to move. It also provides a track-like system that directs the movement
of organelles and other substances within cells.

Endoplasmic reticulum (ER) (image on page 7)

This organelle helps process molecules created by the cell. The
endoplasmic reticulum also transports these molecules to their specific
destinations either inside or outside the cell.

Golgi apparatus (image on page 8)

The Golgi apparatus packages molecules processed by the endoplasmic
reticulum to be transported out of the cell.

Lysosomes and peroxisomes (image on page 8)

These organelles are the recycling center of the cell. They digest foreign
bacteria that invade the cell, rid the cell of toxic substances, and recycle
worn-out cell components.

Mitochondria (image on page 8)

Mitochondria are complex organelles that convert energy from food into a
form that the cell can use. They have their own genetic material, separate
from the DNA in the nucleus, and can make copies of themselves.
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Nucleus (image on page 9)

The nucleus serves as the cell's command center, sending directions to the
cell to grow, mature, divide, or die. It also houses DNA (deoxyribonucleic
acid), the cell's hereditary material. The nucleus is surrounded by a
membrane called the nuclear envelope, which protects the DNA and
separates the nucleus from the rest of the cell.

Plasma membrane (image on page 9)

The plasma membrane is the outer lining of the cell. It separates the cell
from its environment and allows materials to enter and leave the cell.

Ribosomes (image on page 9)

Ribosomes are organelles that process the cell’s genetic instructions to
create proteins. These organelles can float freely in the cytoplasm or be
connected to the endoplasmic reticulum (see above).

For more information about cells:

The Genetic Science Learning Center at the University of Utah offers an
interactive introduction to cells (http://learn.genetics.utah.edu/content/cells/
insideacell/) and their many functions.

Arizona State University's "Ask a Biologist" provides a description and illustration
of each of the cell’'s organelles (http://askabiologist.asu.edu/content/cell-parts).

Queen Mary University of London allows you to explore a 3-D cell and its parts
(https://www.centreofthecell.org/learn-play/games/explore-a-cell/).

Additional information about the cytoskeleton, including an illustration, is
available from the Cytoplasm Tutorial (http://www.biology.arizona.edu/Cell_bio/
tutorials/cytoskeleton/pagel.html). This resource is part of The Biology Project at
the University of Arizona.
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Images

Cytoplasm
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The cytoplasm surrounds the cell's nucleus and organelles.

Endoplasmic reticulum (ER)

U5, Mational Library of Medicine

The endoplasmic reticulum is involved in molecule processing and transport.
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Golgi apparatus
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The Golgi apparatus is involved in
packaging molecules for export from the cell.

Lysosomes and peroxisomes
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Lysosomes and peroxisomes destroy toxic
substances and recycle worn-out cell parts.

Mitochondria
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Mitochondria provide the cell's energy.
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Mucleus
5. Mational Library of Medicine

The nucleus contains most of the cell's genetic material.

Flasma membrane
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The plasma membrane is the outer covering around the cell.

. .

Ribosomes
5. Mational Library of Medicine

Ribosomes use the cell's genetic instructions to make proteins.
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What is DNA?

DNA, or deoxyribonucleic acid, is the hereditary material in humans and almost
all other organisms. Nearly every cell in a person’s body has the same DNA.
Most DNA is located in the cell nucleus (where it is called nuclear DNA), but a
small amount of DNA can also be found in the mitochondria (where it is called
mitochondrial DNA or mtDNA).

The information in DNA is stored as a code made up of four chemical bases:
adenine (A), guanine (G), cytosine (C), and thymine (T). Human DNA consists
of about 3 billion bases, and more than 99 percent of those bases are the same
in all people. The order, or sequence, of these bases determines the information
available for building and maintaining an organism, similar to the way in which
letters of the alphabet appear in a certain order to form words and sentences.

DNA bases pair up with each other, A with T and C with G, to form units called
base pairs. Each base is also attached to a sugar molecule and a phosphate
molecule. Together, a base, sugar, and phosphate are called a nucleotide.
Nucleotides are arranged in two long strands that form a spiral called a double
helix. The structure of the double helix is somewhat like a ladder, with the base
pairs forming the ladder’s rungs and the sugar and phosphate molecules forming
the vertical sidepieces of the ladder.

An important property of DNA is that it can replicate, or make copies of itself.
Each strand of DNA in the double helix can serve as a pattern for duplicating
the sequence of bases. This is critical when cells divide because each new cell
needs to have an exact copy of the DNA present in the old cell.
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DNA is a double helix formed by base pairs
attached to a sugar-phosphate backbone.

For more information about DNA:

The National Human Genome Research Institute fact sheet Deoxyribonucleic
Acid (DNA) (https://www.genome.gov/25520880) provides an introduction to this
molecule.

Information about the genetic code (https://geneed.nim.nih.gov/
topic_subtopic.php?tid=15&sid=19) and the structure of the DNA double helix
(https://geneed.nim.nih.gov/topic_subtopic.php?tid=15&sid=16) is available from
GeneEd.

The New Genetics, a publication of the National Institute of General Medical
Sciences, discusses the structure of DNA and how it was discovered (https://
publications.nigms.nih.gov/thenewgenetics/chapterl.html#cl).

A basic explanation and illustration of DNA (https://askabiologist.asu.edu/dna-
shape-and-structure) can be found on Arizona State University's "Ask a Biologist"
website.

page 11


https://ghr.nlm.nih.gov/
https://www.genome.gov/25520880
https://www.genome.gov/25520880
https://geneed.nlm.nih.gov/topic_subtopic.php?tid=15&sid=19
https://geneed.nlm.nih.gov/topic_subtopic.php?tid=15&sid=16
https://publications.nigms.nih.gov/thenewgenetics/chapter1.html#c1
https://askabiologist.asu.edu/dna-shape-and-structure

Genetics Home Reference - https://ghr.nlm.nih.gov/
Cellsand DNA

The Virtual Genetics Education Centre, created by the University of Leicester,
offers additional information on DNA, genes, and chromosomes (http://
www?2.le.ac.uk/departments/genetics/vgec/schoolscolleges/topics/dna-genes-
chromosomes).
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What is mitochondrial DNA?

Although most DNA is packaged in chromosomes within the nucleus,
mitochondria also have a small amount of their own DNA. This genetic material is
known as mitochondrial DNA or mtDNA.

Mitochondria (image on page 8) are structures within cells that convert the
energy from food into a form that cells can use. Each cell contains hundreds
to thousands of mitochondria, which are located in the fluid that surrounds the
nucleus (the cytoplasm).

Mitochondria produce energy through a process called oxidative phosphorylation.
This process uses oxygen and simple sugars to create adenosine triphosphate
(ATP), the cell’'s main energy source. A set of enzyme complexes, designated as
complexes I-V, carry out oxidative phosphorylation within mitochondria.

In addition to energy production, mitochondria play a role in several other cellular
activities. For example, mitochondria help regulate the self-destruction of cells
(apoptosis). They are also necessary for the production of substances such as
cholesterol and heme (a component of hemoglobin, the molecule that carries
oxygen in the blood).

Mitochondrial DNA contains 37 genes, all of which are essential for normal
mitochondrial function. Thirteen of these genes provide instructions for making
enzymes involved in oxidative phosphorylation. The remaining genes provide
instructions for making molecules called transfer RNAs (tRNAs) and ribosomal
RNAs (rRNAs), which are chemical cousins of DNA. These types of RNA help
assemble protein building blocks (amino acids) into functioning proteins.

For more information about mitochondria and mitochondrial DNA:

Molecular Expressions, a web site from the Florida State University Research
Foundation, offers an illustrated introduction to mitochondria and mitochondrial
DNA (http://micro.magnet.fsu.edu/cells/mitochondria/mitochondria.html).

An overview of mitochondrial DNA (http://neuromuscular.wustl.edu/
mitosyn.html#general) is available from the Neuromuscular Disease Center at
Washington University.
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What is a gene?

A gene is the basic physical and functional unit of heredity. Genes, which are
made up of DNA, act as instructions to make molecules called proteins. In
humans, genes vary in size from a few hundred DNA bases to more than 2
million bases. The Human Genome Project has estimated that humans have
between 20,000 and 25,000 genes.

Every person has two copies of each gene, one inherited from each parent.
Most genes are the same in all people, but a small number of genes (less than 1
percent of the total) are slightly different between people. Alleles are forms of the
same gene with small differences in their sequence of DNA bases. These small
differences contribute to each person’s unique physical features.
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Genes are made up of DNA. Each chromosome contains many genes.
For more information about genes:

Genetics Home Reference provides consumer-friendly gene summaries (https://
ghr.nlm.nih.gov/gene) that include an explanation of each gene's normal function
and how mutations in the gene cause particular genetic conditions.

The Centre for Genetics Education offers a fact sheet that introduces genes
and chromosomes (http://www.genetics.edu.au/Publications-and-Resources/
Genetics-Fact-Sheets/FactSheetDNAGenesChromosomes).

The Tech Museum of Innovation at Stanford University describes genes and how
they were discovered (http://genetics.thetech.org/about-genetics/what-gene).

The Virtual Genetics Education Centre, created by the University of Leicester,
offers additional information on DNA, genes, and chromosomes (http://
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www?2.le.ac.uk/departments/genetics/vgec/schoolscolleges/topics/dna-genes-
chromosomes).
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What is a chromosome?

In the nucleus of each cell, the DNA molecule is packaged into thread-like
structures called chromosomes. Each chromosome is made up of DNA tightly
coiled many times around proteins called histones that support its structure.

Chromosomes are not visible in the cell’'s nucleus—not even under a microscope
—when the cell is not dividing. However, the DNA that makes up chromosomes
becomes more tightly packed during cell division and is then visible under a
microscope. Most of what researchers know about chromosomes was learned by
observing chromosomes during cell division.

Each chromosome has a constriction point called the centromere, which divides
the chromosome into two sections, or “arms.” The short arm of the chromosome
is labeled the “p arm.” The long arm of the chromosome is labeled the “g arm.”
The location of the centromere on each chromosome gives the chromosome its
characteristic shape, and can be used to help describe the location of specific
genes.

DNA double helix

p arm
Centromere
g arm

Chromosc

Histone pmteins\

.5, Hational Librany of Medicine

DNA and histone proteins are packaged
into structures called chromosomes.
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For more information about chromosomes:

Genetics Home Reference provides information about each human chromosome
(https://ghr.nim.nih.gov/chromosome) written in lay language.

The Centre for Genetics Education offers a fact sheet that introduces genes
and chromosomes (http://www.genetics.edu.au/Publications-and-Resources/
Genetics-Fact-Sheets/FactSheetl GenesandChromosomesTheGenome.pdf).

GeneEd also provides information about the basics of chromosomes (https://
geneed.nlm.nih.gov/topic_subtopic.php?tid=15&sid=17).

The University of Utah's Genetic Science Learning Center offers a description of
chromosomes (http://learn.genetics.utah.edu/content/basics/readchromosomes/),
including how scientists tell them apart.
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How many chromosomes do people have?

In humans, each cell normally contains 23 pairs of chromosomes, for a total of
46. Twenty-two of these pairs, called autosomes, look the same in both males
and females. The 23rd pair, the sex chromosomes, differ between males and
females. Females have two copies of the X chromosome, while males have one
X and one Y chromosome.
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The 22 autosomes are numbered by size. The other two
chromosomes, X and Y, are the sex chromosomes. This picture of
the human chromosomes lined up in pairs is called a karyotype.

For more information about the 23 pairs of human chromosomes:

Genetics Home Reference provides information about each human chromosome
(https://ghr.nim.nih.gov/chromosome) written in lay language.

The University of Utah's Genetic Science Learning Center discusses
how karyotypes can be used in diagnosing genetic disorders (http://
learn.genetics.utah.edu/content/basics/diagnose/).

Arizona State University's "Ask a Biologist" discusses the inheritance of human
chromosomes. (http://askabiologist.asu.edu/chromosomes-and-genes)
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What is a gene mutation and how do mutations occur?

A gene mutation is a permanent alteration in the DNA sequence that makes
up a gene, such that the sequence differs from what is found in most people.
Mutations range in size; they can affect anywhere from a single DNA building
block (base pair) to a large segment of a chromosome that includes multiple
genes.

Gene mutations can be classified in two major ways:

* Hereditary mutations are inherited from a parent and are present
throughout a person’s life in virtually every cell in the body. These
mutations are also called germline mutations because they are present
in the parent’s egg or sperm cells, which are also called germ cells.
When an egg and a sperm cell unite, the resulting fertilized egg cell
receives DNA from both parents. If this DNA has a mutation, the child
that grows from the fertilized egg will have the mutation in each of his
or her cells.

*  Acquired (or somatic) mutations occur at some time during a person’s
life and are present only in certain cells, not in every cell in the body.
These changes can be caused by environmental factors such as
ultraviolet radiation from the sun, or can occur if a mistake is made as
DNA copies itself during cell division. Acquired mutations in somatic
cells (cells other than sperm and egg cells) cannot be passed on to the
next generation.

Genetic changes that are described as de novo (new) mutations can be either
hereditary or somatic. In some cases, the mutation occurs in a person’s egg or
sperm cell but is not present in any of the person’s other cells. In other cases, the
mutation occurs in the fertilized egg shortly after the egg and sperm cells unite.
(It is often impossible to tell exactly when a de novo mutation happened.) As

the fertilized egg divides, each resulting cell in the growing embryo will have the
mutation. De novo mutations may explain genetic disorders in which an affected
child has a mutation in every cell in the body but the parents do not, and there is
no family history of the disorder.

Somatic mutations that happen in a single cell early in embryonic development
can lead to a situation called mosaicism. These genetic changes are not present
in a parent’s egg or sperm cells, or in the fertilized egg, but happen a bit later
when the embryo includes several cells. As all the cells divide during growth and
development, cells that arise from the cell with the altered gene will have the
mutation, while other cells will not. Depending on the mutation and how many
cells are affected, mosaicism may or may not cause health problems.
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Most disease-causing gene mutations are uncommon in the general population.
However, other genetic changes occur more frequently. Genetic alterations
that occur in more than 1 percent of the population are called polymorphisms.
They are common enough to be considered a normal variation in the

DNA. Polymorphisms are responsible for many of the normal differences
between people such as eye color, hair color, and blood type. Although many
polymorphisms have no negative effects on a person’s health, some of these
variations may influence the risk of developing certain disorders.

For more information about mutations:

The Centre for Genetics Education provides a fact sheet discussing variations
in the genetic code (http://www.genetics.edu.au/Publications-and-Resources/
Genetics-Fact-Sheets/FactSheetVariationsinCode).

More basic information about genetic mutations (https://geneed.nlm.nih.gov/
topic_subtopic.php?tid=142&sid=145) is available from GeneEd.

Additional information about genetic alterations is available from the University
of Utah fact sheet "What is Mutation?" (http://learn.genetics.utah.edu/content/
basics/mutation/)
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How can gene mutations affect health and
development?

To function correctly, each cell depends on thousands of proteins to do their jobs
in the right places at the right times. Sometimes, gene mutations prevent one or
more of these proteins from working properly. By changing a gene’s instructions
for making a protein, a mutation can cause the protein to malfunction or to be
missing entirely. When a mutation alters a protein that plays a critical role in

the body, it can disrupt normal development or cause a medical condition. A
condition caused by mutations in one or more genes is called a genetic disorder.

In some cases, gene mutations are so severe that they prevent an embryo
from surviving until birth. These changes occur in genes that are essential
for development, and often disrupt the development of an embryo in its
earliest stages. Because these mutations have very serious effects, they are
incompatible with life.

It is important to note that genes themselves do not cause disease—genetic
disorders are caused by mutations that make a gene function improperly. For
example, when people say that someone has “the cystic fibrosis gene,” they
are usually referring to a mutated version of the CFTR gene, which causes the
disease. All people, including those without cystic fibrosis, have a version of the
CFTR gene.

For more information about mutations and genetic disorders:

The Centre for Genetics Education offers a fact sheet about genetic changes
that lead to disorders (http://www.genetics.edu.au/Publications-and-Resources/
Genetics-Fact-Sheets/FactSheetMutations).

The Tech Museum of Innovation offers a brief overview of genetic mutations and
disease (http://genetics.thetech.org/about-genetics/mutations-and-disease).
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Do all gene mutations affect health and development?

No; only a small percentage of mutations cause genetic disorders—most have
no impact on health or development. For example, some mutations alter a gene's
DNA sequence but do not change the function of the protein made by the gene.

Often, gene mutations that could cause a genetic disorder are repaired by certain
enzymes before the gene is expressed and an altered protein is produced.

Each cell has a number of pathways through which enzymes recognize and
repair mistakes in DNA. Because DNA can be damaged or mutated in many
ways, DNA repair is an important process by which the body protects itself from
disease.

A very small percentage of all mutations actually have a positive effect. These
mutations lead to new versions of proteins that help an individual better adapt
to changes in his or her environment. For example, a beneficial mutation could
result in a protein that protects an individual and future generations from a new
strain of bacteria.

Because a person's genetic code can have a large number of mutations with

no effect on health, diagnosing genetic conditions can be difficult. Sometimes,
genes thought to be related to a particular genetic condition have mutations,
but whether these changes are involved in development of the condition has
not been determined; these genetic changes are known as variants of unknown
significance (VOUS). Sometimes, no mutations are found in suspected disease-
related genes, but mutations are found in other genes whose relationship to

a particular genetic condition is unknown. It is difficult to know whether these
variants are involved in the disease.

For more information about DNA repair and the health effects of gene
mutations:

The University of Utah Genetic Science Learning Center provides information
about genetic disorders (http://learn.genetics.utah.edu/content/disorders/) that
explains why some mutations cause disorders but others do not.

The National Coalition for Health Professional Education in
Genetics explains how mutations can be harmful, neutral,

or beneficial (http://www.nchpeg.org/dentistry/index.php?
option=com_content&view=article&id=22&Itemid=55&limitstart=3).
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What kinds of gene mutations are possible?

The DNA sequence of a gene can be altered in a number of ways. Gene
mutations have varying effects on health, depending on where they occur and
whether they alter the function of essential proteins. The types of mutations
include:

Missense mutation (image on page 26)

This type of mutation is a change in one DNA base pair that results in the
substitution of one amino acid for another in the protein made by a gene.

Nonsense mutation (image on page 26)

A nonsense mutation is also a change in one DNA base pair. Instead

of substituting one amino acid for another, however, the altered DNA
sequence prematurely signals the cell to stop building a protein. This type of
mutation results in a shortened protein that may function improperly or not
at all.

Insertion (image on page 27)

An insertion changes the number of DNA bases in a gene by adding a
piece of DNA. As a result, the protein made by the gene may not function
properly.

Deletion (image on page 27)

A deletion changes the number of DNA bases by removing a piece of DNA.
Small deletions may remove one or a few base pairs within a gene, while
larger deletions can remove an entire gene or several neighboring genes.
The deleted DNA may alter the function of the resulting protein(s).

Duplication (image on page 28)

A duplication consists of a piece of DNA that is abnormally copied one or
more times. This type of mutation may alter the function of the resulting
protein.

Frameshift mutation (image on page 28)

This type of mutation occurs when the addition or loss of DNA bases
changes a gene's reading frame. A reading frame consists of groups of
3 bases that each code for one amino acid. A frameshift mutation shifts
the grouping of these bases and changes the code for amino acids.
The resulting protein is usually nonfunctional. Insertions, deletions, and
duplications can all be frameshift mutations.
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Repeat expansion (image on page 29)

Nucleotide repeats are short DNA sequences that are repeated a number
of times in a row. For example, a trinucleotide repeat is made up of 3-base-
pair sequences, and a tetranucleotide repeat is made up of 4-base-pair
sequences. A repeat expansion is a mutation that increases the number of
times that the short DNA sequence is repeated. This type of mutation can
cause the resulting protein to function improperly.

For more information about the types of gene mutations:

The National Human Genome Research Institute offers a Talking Glossary of
Genetic Terms (https://www.genome.gov/glossary/). This resource includes
definitions, diagrams, and detailed audio descriptions of several of the gene
mutations listed above.

A brief explanation of different mutation types (http://www.yourgenome.org/facts/
what-types-of-mutation-are-there) is available from yourgenome.org.
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Missense mutation

Qriginal DMA code for an amino acid sequence.

oma—CATCATCATCATCATCATCAT
bases

-4 His H His H His H His H His H His H His }-

Amino acid Replacement of a

single nucleotide.

l

" CATCATCATCHMTICATEATEAT

-~ His H His H His HEEZTHMH His H His H His |-
N

5
L4

Incorrect amino acid, which may
produce a malfunctioning protein.

.5, Mational Library of Medicine

In this example, the nucleotide adenine is replaced by cytosine in the
genetic code, introducing an incorrect amino acid into the protein sequence.

Nonsense mutation

QOriginal DMA code for an amino acid sequence.

oa—CAGCAGCAGCAGCAGCAGCAG
bases
-4 Gln H GlIn H Gin H GIn H GIn H GIn H GIn }-

Amino acid Replacement of a

single nucleotide.

-4 GIn H GIin H Gin HIETH
.

Protein Incorrect seqence causes

shortening of protein.

5. Mational Library of Medicine

In this example, the nucleotide cytosine is replaced by thymine
in the DNA code, signaling the cell to shorten the protein.
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Insertion mutation

Qriginal DMA code for an amino acid sequence.

o—CATCATCATCATCATCATCAT
bases
-4 His H His H His H His H His H His H His }-

Amino acid Insertion of a
single nucleotide.

i 5
| | | | | | | L

T CATCATCATACATCATCATCA

-4 His H His H His Thr Ser Ser Ser

Incorrect amino acid sequence, which
may preduce a malfunetioning protein.

.5, Mational Library of Medicine

In this example, one nucleotide (adenine) is added in the
DNA code, changing the amino acid sequence that follows.

Deletion mutation

QOriginal DMA code for an amino acid sequence.

oG ATCATCATCATCATCATCAT
bases
-4 His H His H His H His H His H His H His }-

Amino acid
Deletion of a
single nucleotide.

a 5
| | | 1 L

WRTECATOATCTOATOATCATE

-~ His H His H His Leu lle lle lle

Incorrect amino acid sequence, which
may preduce a malfunctioning protein.

5. Mational Library of Medicine

In this example, one nucleotide (adenine) is deleted from the
DNA code, changing the amino acid sequence that follows.
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Duplication mutation

Chromosome —|

A section of DNA
is duplicated.

U.5. Mational Libran of Medicine

A section of DNA is accidentally duplicated when a chromosome is copied.

Frameshift mutation

Qriginal DMA code for an amino acid sequence.

M—CATTCACACGTACTCATGCTAT
bases | | | | |
== His H Ser H His H Val H Leu H Met H Leu }--

Amino acid

C - lle His Thr Tyr Ser Cys Tyr

Frameshift of one DNA base results
in abnermal amino acid sequence.

.5, Mational Library of Medicine

A frameshift mutation changes the amino
acid sequence from the site of the mutation.
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Repeat expansion mutation

Original DNA code for an amino acid sequence.

a—CATTCACAGGTAATCATGCTA
aas ; Ay . : - .
-4 His H Ser H GIn H val H 1lle H Met H Leu }-

Amino acid
o e Repeated trinuclectide

/ ¢
) =i A

"CATTEACAGE

T4

|
G‘J_
(g
.b_
-
Q-
]
}_
}._
e
n_

~-- His H Ser H GiIn Gin Gln Val H lle |-

Repeated trinucleotide adds a string
of glutamines (Gin) to the protein.

5. Hational Library of Medicine

In this example, a repeated trinucleotide sequence (CAG) adds
a series of the amino acid glutamine to the resulting protein.
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Can a change in the number of genes affect health and
development?

People have two copies of most genes, one copy inherited from each parent. In
some cases, however, the number of copies varies—meaning that a person can
be born with one, three, or more copies of particular genes. Less commonly, one
or more genes may be entirely missing. This type of genetic difference is known
as copy number variation (CNV).

Copy number variation results from insertions, deletions, and duplications of
large segments of DNA. These segments are big enough to include whole genes.
Variation in gene copy number can influence the activity of genes and ultimately
affect many body functions.

Researchers were surprised to learn that copy number variation accounts for a
significant amount of genetic difference between people. More than 10 percent
of human DNA appears to contain these differences in gene copy number. While
much of this variation does not affect health or development, some differences
likely influence a person’s risk of disease and response to certain drugs. Future
research will focus on the consequences of copy number variation in different
parts of the genome and study the contribution of these variations to many types
of disease.

For more information about copy number variation:

The Howard Hughes Medical Institute discusses the results of recent research
on copy number variation in the news release, Genetic Variation: We're More
Different Than We Thought (http://www.hhmi.org/news/genetic-variation-were-
more-different-we-thought).

More information about copy number variation (https://www.dnalc.org/view/552-
Copy-Number-Variants.html) is available in a video from Cold Spring Harbor
Laboratory.

For people interested in more technical data, several institutions provide
databases of structural differences in human DNA, including copy number
variation:

» Database of Genomic Variants (http://dgv.tcag.ca/dgv/app/home)

» The Sanger Institute: Database of Chromosomal Imbalance and
Phenotype in Humans using Ensembl Resources (DECIPHER (https://
decipher.sanger.ac.uk/))
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Can changes in the number of chromosomes affect
health and development?

Human cells normally contain 23 pairs of chromosomes, for a total of 46
chromosomes in each cell (image on page 33). A change in the number of
chromosomes can cause problems with growth, development, and function of the
body's systems. These changes can occur during the formation of reproductive
cells (eggs and sperm), in early fetal development, or in any cell after birth. A
gain or loss of chromosomes from the normal 46 is called aneuploidy.

A common form of aneuploidy is trisomy, or the presence of an extra
chromosome in cells. "Tri-" is Greek for "three"; people with trisomy have three
copies of a particular chromosome in cells instead of the normal two copies.
Down syndrome is an example of a condition caused by trisomy (image on page
34). People with Down syndrome typically have three copies of chromosome

21 in each cell, for a total of 47 chromosomes per cell.

Monosomy, or the loss of one chromosome in cells, is another kind of
aneuploidy. "Mono-" is Greek for "one"; people with monosomy have one copy
of a particular chromosome in cells instead of the normal two copies. Turner
syndrome is a condition caused by monosomy (image on page 35). Women
with Turner syndrome usually have only one copy of the X chromosome in every
cell, for a total of 45 chromosomes per cell.

Rarely, some cells end up with complete extra sets of chromosomes. Cells with
one additional set of chromosomes, for a total of 69 chromosomes, are called
triploid (image on page 36). Cells with two additional sets of chromosomes,

for a total of 92 chromosomes, are called tetraploid. A condition in which every
cell in the body has an extra set of chromosomes is not compatible with life.

In some cases, a change in the number of chromosomes occurs only in certain
cells. When an individual has two or more cell populations with a different
chromosomal makeup, this situation is called chromosomal mosaicism (image
on page 37). Chromosomal mosaicism occurs from an error in cell division in
cells other than eggs and sperm. Most commonly, some cells end up with one
extra or missing chromosome (for a total of 45 or 47 chromosomes per cell),
while other cells have the usual 46 chromosomes. Mosaic Turner syndrome

is one example of chromosomal mosaicism. In females with this condition,
some cells have 45 chromosomes because they are missing one copy of the X
chromosome, while other cells have the usual number of chromosomes.

Many cancer cells also have changes in their number of chromosomes. These
changes are not inherited; they occur in somatic cells (cells other than eggs or
sperm) during the formation or progression of a cancerous tumor.

page 31


https://ghr.nlm.nih.gov/

Genetics Home Reference - https://ghr.nlm.nih.gov/
Mutations and Health

For more information about chromosomal disorders:

A discussion of how chromosomal abnormalities happen (https://
www.genome.gov/11508982#6) is provided by the National Human Genome
Research Institute.

The Centre for Genetics Education offers a fact sheet about changes in
chromosome number or size (http://www.genetics.edu.au/Publications-and-
Resources/Genetics-Fact-Sheets/FactSheetChromosomeChanges).

Information about chromosomal changes (http://www.eurogentest.org/index.php?
id=611), including changes in the number of chromosomes, is available from
EuroGentest.

The University of Leicester's Virtual Genetics Education Center provides an
explanation of numerical chromosome aberrations (http://www?2.le.ac.uk/
departments/genetics/vgec/healthprof/topics/patterns-of-inheritance/
chromosomal-abnormalities#numerical-aberrations).

The National Organization for Rare Disorders offers an overview of triploidy
(http://rarediseases.org/rare-diseases/triploidy/).

Chromosomal Mosaicism (http://mosaicism.cfri.ca/index.htm), a web site
provided by the University of British Columbia, offers detailed information about
mosaic chromosomal abnormalities.

MedlinePlus offers an encyclopedia article about chromosomal mosaicism
(https://medlineplus.gov/ency/article/001317.htm).
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XX (female) XY (male)

Sex Chromosomes

Human cells normally contain 23 pairs of chromosomes,
for a total of 46 chromosomes in each cell.
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XX (female) XY (male)

Sex Chromosomes

Trisomy is the presence of an extra chromosome in cells. Down
syndrome is an example of a condition caused by trisomy.
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loss of
' ;/End sex
chromsome
X

Sex Chromosomes

Monosomy is the loss of one chromosome in cells. Turner
syndrome is an example of a condition caused by monosomy.
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Cells with one additional set of chromosomes,
for a total of 69 chromosomes, are called triploid.
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Normal cell with 46 chromosomes

IRRIRIRIR R
“ " " Wl missing X
TRINTRTE RS

Cell missing a chromosome Chromosomal
Mosaicism

U.S. National Library of Medicine

When an individual has two or more cell populations with a different
chromosomal makeup, this situation is called chromosomal mosaicism.
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Can changes in the structure of chromosomes affect
health and development?

Changes that affect the structure of chromosomes can cause problems with
growth, development, and function of the body's systems. These changes can
affect many genes along the chromosome and disrupt the proteins made from
those genes.

Structural changes can occur during the formation of egg or sperm cells, in early
fetal development, or in any cell after birth. Pieces of DNA can be rearranged
within one chromosome or transferred between two or more chromosomes. The
effects of structural changes depend on their size and location, and whether any
genetic material is gained or lost. Some changes cause medical problems, while
others may have no effect on a person's health.

Changes in chromosome structure include:
Translocations (image on page 41), (image on page 42)

A translocation occurs when a piece of one chromosome breaks off and
attaches to another chromosome. This type of rearrangement is described
as balanced if no genetic material is gained or lost in the cell. If there

is a gain or loss of genetic material, the translocation is described as
unbalanced.

Deletions (image on page 43)

Deletions occur when a chromosome breaks and some genetic material
is lost. Deletions can be large or small, and can occur anywhere along a
chromosome.

Duplications (image on page 44)

Duplications occur when part of a chromosome is copied (duplicated) too
many times. This type of chromosomal change results in extra copies of
genetic material from the duplicated segment.

Inversions (image on page 45)

An inversion involves the breakage of a chromosome in two places; the
resulting piece of DNA is reversed and re-inserted into the chromosome.
Genetic material may or may not be lost as a result of the chromosome
breaks. An inversion that involves the chromosome's constriction point
(centromere) is called a pericentric inversion. An inversion that occurs in the
long (g) arm or short (p) arm and does not involve the centromere is called
a paracentric inversion.
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Isochromosomes (image on page 46)

An isochromosome is a chromosome with two identical arms. Instead of
one long (q) arm and one short (p) arm, an isochromosome has two long
arms or two short arms. As a result, these abnormal chromosomes have an
extra copy of some genes and are missing copies of other genes.

Dicentric chromosomes (image on page 47)

Unlike normal chromosomes, which have a single constriction point
(centromere), a dicentric chromosome contains two centromeres. Dicentric
chromosomes result from the abnormal fusion of two chromosome pieces,
each of which includes a centromere. These structures are unstable and
often involve a loss of some genetic material.

Ring chromosomes (image on page 48)

Ring chromosomes usually occur when a chromosome breaks in two places
and the ends of the chromosome arms fuse together to form a circular
structure. The ring may or may not include the chromosome's constriction
point (centromere). In many cases, genetic material near the ends of the
chromosome is lost.

Many cancer cells also have changes in their chromosome structure. These
changes are not inherited; they occur in somatic cells (cells other than eggs or
sperm) during the formation or progression of a cancerous tumor.

For more information about structural changes to chromosomes:

The National Human Genome Research Institute provides a list of questions and
answers about chromosome abnormalities (https://www.genome.gov/11508982),
including a glossary of related terms.

Chromosome Deletion Outreach offers a fact sheet on this topic titled
Introduction to Chromosomes (http://chromodisorder.org/Display.aspx?
ID=35). This resource includes illustrated explanations of several chromosome
abnormalities.

The Centre for Genetics Education provides a fact sheet about chromosome
changes (http://www.genetics.edu.au/Publications-and-Resources/Genetics-
Fact-Sheets/FS4).

EuroGentest offers fact sheets about chromosome changes (http://
www.eurogentest.org/index.php?id=611) and chromosome translocations (http://
www.eurogentest.org/index.php?id=612).

The University of Leicester's Virtual Genetics Education Center provides
an explanation of structural chromosome aberrations (http://www?2.le.ac.uk/
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departments/genetics/vgec/healthprof/topics/patterns-of-inheritance/
chromosomal-abnormalities#structural-aberrations).

The Atlas of Genetics and Cytogenetics in Oncology and Haematology
provides a technical introduction to chromosomal aberrations (http://
atlasgeneticsoncology.org/Deep/Chromaber.html) and a detailed
discussion of ring chromosomes (http://atlasgeneticsoncology.org/Deep/
RingChromosID20030.html), particularly their role in cancer.
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In a balanced translocation, pieces of chromosomes are
rearranged but no genetic material is gained or lost in the cell.
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Unbalanced
Translocation

An unbalanced translocation occurs when a child
inherits a chromosome with extra or missing genetic
material from a parent with a balanced translocation.
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A deletion occurs when a chromosome

breaks and some genetic material is lost.
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A duplication occurs when part of a chromosome is copied (duplicated)
abnormally, resulting in extra genetic material from the duplicated segment.
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Inversions occur when a chromosome breaks in two places and the
resulting piece of DNA is reversed and re-inserted into the chromosome.
Inversions that involve the centromere are called pericentric inversions;
those that do not involve the centromere are called paracentric inversions.

page 45



https://ghr.nlm.nih.gov/

Genetics Home Reference - https://ghr.nim.nih.gov/
Mutations and Health

e

i

E i
:

TR

- T

An isochromosome is an abnormal chromosome with two
identical arms, either two short (p) arms or two long (q) arms.
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Dicentric chromosomes result from the abnormal fusion of two
chromosome pieces, each of which includes a centromere.
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Ring chromosomes usually occur when a chromosome
breaks in two places and the ends of the chromosome
arms fuse together to form a circular structure.
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Can changes in mitochondrial DNA affect health and
development?

Mitochondria (image on page 8) are structures within cells that convert the
energy from food into a form that cells can use. Although most DNA is packaged
in chromosomes within the nucleus, mitochondria also have a small amount

of their own DNA (known as mitochondrial DNA or mtDNA). In some cases,
inherited changes in mitochondrial DNA can cause problems with growth,
development, and function of the body’s systems. These mutations disrupt the
mitochondria’s ability to generate energy efficiently for the cell.

Conditions caused by mutations in mitochondrial DNA often involve multiple
organ systems. The effects of these conditions are most pronounced in organs
and tissues that require a lot of energy (such as the heart, brain, and muscles).
Although the health consequences of inherited mitochondrial DNA mutations
vary widely, frequently observed features include muscle weakness and wasting,
problems with movement, diabetes, kidney failure, heart disease, loss of
intellectual functions (dementia), hearing loss, and abnormalities involving the
eyes and vision.

Mitochondrial DNA is also prone to somatic mutations, which are not inherited.
Somatic mutations occur in the DNA of certain cells during a person'’s lifetime
and typically are not passed to future generations. Because mitochondrial DNA
has a limited ability to repair itself when it is damaged, these mutations tend to
build up over time. A buildup of somatic mutations in mitochondrial DNA has
been associated with some forms of cancer and an increased risk of certain
age-related disorders such as heart disease, Alzheimer disease, and Parkinson
disease. Additionally, research suggests that the progressive accumulation of
these mutations over a person’s lifetime may play a role in the normal process of

aging.

For more information about conditions caused by mitochondrial DNA
mutations:

Genetics Home Reference provides background information about mitochondria
and mitochondrial DNA on page 13 written in consumer-friendly language.

The Cleveland Clinic offers a basic introduction to mitochondrial disease (http://
my.clevelandclinic.org/health/diseases_conditions/hic-what-are-mitochondrial-
diseases/hic_Myths_and_Facts_About_Mitochondrial_Diseases). Additional
information about mitochondrial disorders (https://www.cincinnatichildrens.org/
service/m/mitochondrial-disorders/patients/) is available from Cincinnati
Children's Hospital Medical Center.
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An overview of mitochondrial disorders (http://www.ncbi.nlm.nih.gov/books/
NBK1224/) is available from GeneReviews.

The Muscular Dystrophy Association offers an introduction to mitochondrial
disorders as part of their fact sheet called Mitochondrial Myopathies (https://
www.mda.org/disease/mitochondrial-myopathies).

The Neuromuscular Disease Center at Washington University provides
an in-depth description of many mitochondrial conditions (http://
neuromuscular.wustl.edu/mitosyn.html).
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What are complex or multifactorial disorders?

Researchers are learning that nearly all conditions and diseases have a genetic
component. Some disorders, such as sickle cell disease and cystic fibrosis, are
caused by mutations in a single gene. The causes of many other disorders,
however, are much more complex. Common medical problems such as heart
disease, diabetes, and obesity do not have a single genetic cause—they are
likely associated with the effects of multiple genes in combination with lifestyle
and environmental factors. Conditions caused by many contributing factors are
called complex or multifactorial disorders.

Although complex disorders often cluster in families, they do not have a clear-
cut pattern of inheritance. This makes it difficult to determine a person’s risk of
inheriting or passing on these disorders. Complex disorders are also difficult to
study and treat because the specific factors that cause most of these disorders
have not yet been identified. Researchers continue to look for major contributing
genes for many common complex disorders.

For more information about complex disorders:

A fact sheet about the inheritance of multifactorial disorders (http://
www.genetics.edu.au/Publications-and-Resources/Genetics-Fact-Sheets/
FactSheetEnvironmenralGeneticlnteractions) is available from the Centre for
Genetics Education.

The Children's Hospital of Wisconsin provides basic information about
multifactorial inheritance (http://www.chw.org/medical-care/genetics-and-
genomics-program/medical-genetics/multifactorial-inheritance/) and examples of
multifactorial disorders.

GeneEd from the National Library of Medicine and the National Human
Genome Research Institute provides a list of educational resources about
multifactorial inheritance and complex disease (https://geneed.nim.nih.gov/
topic_subtopic.php?tid=5&sid=8).

The National Human Genome Research Institute describes how researchers
study complex disorders (https://www.genome.gov/10000865).

If you would like information about a specific complex disorder such as diabetes
or obesity, MedlinePlus (https://medlineplus.gov/) will lead you to fact sheets
and other reliable medical information. In addition, the Centers for Disease
Control and Prevention provides a detailed list of diseases and conditions (http://
www.cdc.gov/DiseasesConditions/) that links to additional information.
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What does it mean to have a genetic predisposition to
a disease?

A genetic predisposition (sometimes also called genetic susceptibility) is an
increased likelihood of developing a particular disease based on a person's
genetic makeup. A genetic predisposition results from specific genetic variations
that are often inherited from a parent. These genetic changes contribute to

the development of a disease but do not directly cause it. Some people with a
predisposing genetic variation will never get the disease while others will, even
within the same family.

Genetic variations can have large or small effects on the likelihood of developing
a particular disease. For example, certain mutations in the BRCA1 or BRCA2
genes greatly increase a person's risk of developing breast cancer and ovarian
cancer. Variations in other genes, such as BARD1 and BRIP1, also increase
breast cancer risk, but the contribution of these genetic changes to a person's
overall risk appears to be much smaller.

Current research is focused on identifying genetic changes that have a small
effect on disease risk but are common in the general population. Although each
of these variations only slightly increases a person's risk, having changes in
several different genes may combine to increase disease risk significantly.
Changes in many genes, each with a small effect, may underlie susceptibility to
many common diseases, including cancer, obesity, diabetes, heart disease, and
mental illness.

In people with a genetic predisposition, the risk of disease can depend on
multiple factors in addition to an identified genetic change. These include

other genetic factors (sometimes called modifiers) as well as lifestyle and
environmental factors. Diseases that are caused by a combination of factors

are described as multifactorial on page 51. Although a person's genetic makeup
cannot be altered, some lifestyle and environmental modifications (such as
having more frequent disease screenings and maintaining a healthy weight) may
be able to reduce disease risk in people with a genetic predisposition.

For more information about genetic predisposition to disease:

The World Health Organization offers information about genetic predisposition to
several common diseases (http://www.who.int/genomics/public/geneticdiseases/
en/index3.html), including cancer, diabetes, cardiovascular disease, and asthma.

The Genetic Science Learning Center at the University of Utah provides
more information about calculating the risk of genetic diseases and predicting
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disease based on family history (http://learn.genetics.utah.edu/content/history/
geneticrisk/).

The Coriell Personalized Medicine Collaborative explains genetic and nongenetic
risk factors (https://cpmc.coriell.org/genetic-education/genetic-and-non-genetic-
risk) for complex diseases.

More detailed information about the genetics of breast and ovarian cancer (http://
www.cancer.gov/types/breast/hp/breast-ovarian-genetics-pdq) is available from
the National Cancer Institute.
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What information about a genetic condition can
statistics provide?

Statistical data can provide general information about how common a condition
is, how many people have the condition, or how likely it is that a person will
develop the condition. Statistics are not personalized, however—they offer
estimates based on groups of people. By taking into account a person's family
history, medical history, and other factors, a genetics professional can help

interpret what statistics mean for a particular patient.

Some statistical terms are commonly used when describing genetic conditions
and other disorders. These terms include:

Statistical
term

Common statistical terms

Description

Examples

Incidence

Prevalence

Mortality

The incidence of a gene mutation or

a genetic disorder is the number of
people who are born with the mutation
or disorder in a specified group per
year. Incidence is often written in the
form “1 in [a number]” or as a total

number of live births.

The prevalence of a gene mutation
or a genetic disorder is the total
number of people in a specified
group at a given time who have
the mutation or disorder. This term
includes both newly diagnosed and
pre-existing cases in people of any
age. Prevalence is often written in
the form “1 in [a number]” or as a
total number of people who have a

condition.

Mortality is the number of deaths from
a particular disorder occurring in a
specified group per year. Mortality is
usually expressed as a total number of

deaths.
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Statistical Description Examples
term
Lifetime Lifetime risk is the average risk of Approximately 1 percent
risk developing a particular disorder at of people in the United

some point during a lifetime. Lifetime  States develop disorder D
risk is often written as a percentage during their lifetimes. The
or as “1 in [a number].” It is important  lifetime risk of developing
to remember that the risk per year or  disorder D is 1 in 100.
per decade is much lower than the
lifetime risk. In addition, other factors
may increase or decrease a person's
risk as compared with the average.

For more information about understanding and interpreting statistics:

The New York Department of Health provides a basic explanation of statistical
terms (http://www.health.ny.gov/diseases/chronic/basicstat.htm), including
incidence, prevalence, morbidity, and mortality.

More detailed information about health statistics is available from Woloshin,
Schwartz, and Welch's Know Your Chances: Understanding Health Statistics
(http://www.ncbi.nlm.nih.gov/books/NBK115435/), which is available through the
NCBI Bookshelf.

The National Cancer Institute offers additional tools for understanding cancer
statistics (http://www.cancer.gov/about-cancer/what-is-cancer/statistics).
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How are genetic conditions and genes named?
Naming genetic conditions

Genetic conditions are not named in one standard way (unlike genes, which

are given an official name and symbol by a formal committee). Doctors who
treat families with a particular disorder are often the first to propose a name

for the condition. Expert working groups may later revise the name to improve

its usefulness. Naming is important because it allows accurate and effective
communication about particular conditions, which will ultimately help researchers
find new approaches to treatment.

Disorder names are often derived from one or a combination of sources:

» The basic genetic or biochemical defect that causes the condition (for
example, alpha-1 antitrypsin deficiency);

e One or more major signs or symptoms of the disorder (for example,
hypermanganesemia with dystonia, polycythemia, and cirrhosis);

* The parts of the body affected by the condition (for example,
craniofacial-deafness-hand syndrome);

*  The name of a physician or researcher, often the first person to
describe the disorder (for example, Marfan syndrome, which was
named after Dr. Antoine Bernard-Jean Marfan);

* A geographic area (for example, familial Mediterranean fever, which
occurs mainly in populations bordering the Mediterranean Sea); or

The name of a patient or family with the condition (for example,
amyotrophic lateral sclerosis, which is also called Lou Gehrig disease
after the famous baseball player who had the condition).

Disorders named after a specific person or place are called eponyms. There

is debate as to whether the possessive form (e.g., Alzheimer’s disease) or the
nonpossessive form (Alzheimer disease) of eponyms is preferred. As a rule,
medical geneticists use the nonpossessive form, and this form may become the
standard for doctors in all fields of medicine.

Naming genes

The HUGO Gene Nomenclature Committee (http://www.genenames.org/)
(HGNC) designates an official name and symbol (an abbreviation of the name)
for each known human gene. Some official gene names include additional
information in parentheses, such as related genetic conditions, subtypes of a
condition, or inheritance pattern. The HGNC is a non-profit organization funded
by the U.K. Medical Research Council and the U.S. National Institutes of Health.
The Committee has named more than 13,000 of the estimated 20,000 to 25,000
genes in the human genome.
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During the research process, genes often acquire several alternate names and
symbols. Different researchers investigating the same gene may each give the
gene a different name, which can cause confusion. The HGNC assigns a unique
name and symbol to each human gene, which allows effective organization of
genes in large databanks, aiding the advancement of research. For specific
information about how genes are named, refer to the HGNC's Guidelines for
Human Gene Nomenclature (http://www.genenames.org/about/guidelines).
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What are proteins and what do they do?

Proteins are large, complex molecules that play many critical roles in the body.
They do most of the work in cells and are required for the structure, function, and
regulation of the body’s tissues and organs.

Proteins are made up of hundreds or thousands of smaller units called amino
acids, which are attached to one another in long chains. There are 20 different
types of amino acids that can be combined to make a protein. The sequence of
amino acids determines each protein’s unique 3-dimensional structure and its
specific function.

Proteins can be described according to their large range of functions in the body,
listed in alphabetical order:

Examples of protein functions

Function Description Example

Antibody Antibodies bind to specific foreign Immunoglobulin G
particles, such as viruses and bacteria, to (IgG) (image on
help protect the body. page 60)

Enzyme Enzymes carry out almost all of the Phenylalanine

thousands of chemical reactions that take hydroxylase
place in cells. They also assist with the  (image on page
formation of new molecules by reading 61)
the genetic information stored in DNA.

Messenger Messenger proteins, such as some Growth hormone
types of hormones, transmit signals to (image on page
coordinate biological processes between 62)
different cells, tissues, and organs.

Structural These proteins provide structure and Actin (image on
component support for cells. On a larger scale, they page 63)

also allow the body to move.
Transport/ These proteins bind and carry atoms Ferritin (image on
storage and small molecules within cells and page 64)

throughout the body.
For more information about proteins and their functions:

KidsHealth from Nemours offers a basic overview of proteins (http://
kidshealth.org/en/kids/protein.html) and what they do.

Arizona State University's "Ask a Biologist" discusses the different kinds of
proteins (http://askabiologist.asu.edu/venom/what-are-proteins) and what they
do.
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.5, Mational Librany of Medicine

Immunoglobulin G is a type of antibody that circulates in the
blood and recognizes foreign particles that might be harmful.
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Phenylalanine hydroxylase

Single phenylalanine
hydroxylase subunit

Phenylalanine hydroxylase
protein consisting of 4 subunits

U.5. Mational Librany of Medicine

The functional phenylalanine hydroxylase enzyme is made
up of four identical subunits. The enzyme converts the
amino acid phenylalanine to another amino acid, tyrosine.
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Growth hormone

Growth hormone

Growth hormone bound
to receptor

U.5. Mational Librany of Medicine

Growth hormone is a messenger protein made by
the pituitary gland. It regulates cell growth by binding
to a protein called a growth hormone receptor.
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Actin

Single actin subunit

Actin filament consisting
of multiple subunits

U5, Mational Librany of Medicine

Actin filaments, which are structural proteins made up of multiple
subunits, help muscles contract and cells maintain their shape.
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Ferritin

Single ferritin subunit

Ferritin protein consisting
of 24 subunits

Cross section

.5, Mational Librany of Medicine

Ferritin, a protein made up of 24 identical
subunits, is involved in iron storage.
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How do genes direct the production of proteins?

Most genes contain the information needed to make functional molecules called
proteins. (A few genes produce other molecules that help the cell assemble
proteins.) The journey from gene to protein is complex and tightly controlled
within each cell. It consists of two major steps: transcription and translation.
Together, transcription and translation are known as gene expression.

During the process of transcription, the information stored in a gene's DNA

is transferred to a similar molecule called RNA (ribonucleic acid) in the cell
nucleus. Both RNA and DNA are made up of a chain of nucleotide bases, but
they have slightly different chemical properties. The type of RNA that contains
the information for making a protein is called messenger RNA (mRNA) because
it carries the information, or message, from the DNA out of the nucleus into the
cytoplasm.

Translation, the second step in getting from a gene to a protein, takes place

in the cytoplasm. The mRNA interacts with a specialized complex called a
ribosome, which "reads" the sequence of mMRNA bases. Each sequence of three
bases, called a codon, usually codes for one particular amino acid. (Amino acids
are the building blocks of proteins.) A type of RNA called transfer RNA (tRNA)
assembles the protein, one amino acid at a time. Protein assembly continues
until the ribosome encounters a “stop” codon (a sequence of three bases that
does not code for an amino acid).

The flow of information from DNA to RNA to proteins is one of the fundamental
principles of molecular biology. It is so important that it is sometimes called the
“central dogma.”
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Through the processes of transcription and translation,
information from genes is used to make proteins.

For more information about making proteins:

The Genetic Science Learning Center at the University of Utah offers
an interactive introduction to transcription and translation (http://
learn.genetics.utah.edu/content/basics/dna).

Information about RNA (https://geneed.nlm.nih.gov/topic_subtopic.php?
tid=15&sid=18), transcription (https://geneed.nim.nih.gov/topic_subtopic.php?
tid=15&sid=22), and translation (https://geneed.nim.nih.gov/topic_subtopic.php?
tid=15&sid=23) is available from GeneEd.

North Dakota State University's Virtual Cell Animation Collection offers videos
that illustrate the processes of transcription (http://vcell.ndsu.nodak.edu/
animations/transcription/movie-flash.htm) and translation (http://
vcell.ndsu.nodak.edu/animations/translation/movie-flash.htm).

The New Genetics, a publication of the National Institute of General

Medical Sciences, includes discussions of transcription (https://
publications.nigms.nih.gov/thenewgenetics/chapterl.html#c4) and translation
(https://publications.nigms.nih.gov/thenewgenetics/chapterl.html#c7).
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Can genes be turned on and off in cells?

Each cell expresses, or turns on, only a fraction of its genes. The rest of

the genes are repressed, or turned off. The process of turning genes on

and off is known as gene regulation. Gene regulation is an important part of
normal development. Genes are turned on and off in different patterns during
development to make a brain cell look and act different from a liver cell or a
muscle cell, for example. Gene regulation also allows cells to react quickly to
changes in their environments. Although we know that the regulation of genes is
critical for life, this complex process is not yet fully understood.

Gene regulation can occur at any point during gene expression, but most
commonly occurs at the level of transcription (when the information in a gene’s
DNA is transferred to mRNA). Signals from the environment or from other cells
activate proteins called transcription factors. These proteins bind to regulatory
regions of a gene and increase or decrease the level of transcription. By
controlling the level of transcription, this process can determine the amount of
protein product that is made by a gene at any given time.

For more information about gene regulation:

The Genetic Science Learning Center at the University of Utah offers
an explanation of gene expression as it relates to disease risk (http://
learn.genetics.utah.edu/content/science/expression/).

Additional information about gene expression (http://www.yourgenome.org/facts/
what-is-gene-expression) is available from yourgenome.org, a service of the
Wellcome Trust.
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What is the epigenome?

DNA modifications that do not change the DNA sequence can affect gene
activity. Chemical compounds that are added to single genes can regulate their
activity; these modifications are known as epigenetic changes. The epigenome
comprises all of the chemical compounds that have been added to the entirety
of one’s DNA (genome) as a way to regulate the activity (expression) of all the
genes within the genome. The chemical compounds of the epigenome are not
part of the DNA sequence, but are on or attached to DNA (“epi-* means above
in Greek). Epigenomic modifications remain as cells divide and in some cases
can be inherited through the generations. Environmental influences, such as a
person’s diet and exposure to pollutants, can also impact the epigenome.

Epigenetic changes can help determine whether genes are turned on or off
and can influence the production of proteins in certain cells, ensuring that only
necessary proteins are produced. For example, proteins that promote bone
growth are not produced in muscle cells. Patterns of epigenome modification
vary among individuals, different tissues within an individual, and even different
cells.

A common type of epigenomic modification is called methylation. Methylation
involves attaching small molecules called methyl groups, each consisting of one
carbon atom and three hydrogen atoms, to segments of DNA. When methyl
groups are added to a particular gene, that gene is turned off or silenced, and no
protein is produced from that gene.

Because errors in the epigenetic process, such as modifying the wrong gene
or failing to add a compound to a gene, can lead to abnormal gene activity
or inactivity, they can cause genetic disorders. Conditions including cancers,
metabolic disorders, and degenerative disorders have all been found to be
related to epigenetic errors.

Scientists continue to explore the relationship between the genome and the
chemical compounds that modify it. In particular, they are studying what effect
the modifications have on gene function, protein production, and human health.

For more information about the epigenome:

The National Institutes of Health (NIH) offers the NIH Roadmap Epigenomics
Project (http://www.roadmapepigenomics.org/), which provides epigenome maps
of a variety of cells to begin to assess the relationship between epigenomics and
human disease.
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The National Center for Biotechnology Information (NCBI) provides the NCBI
Epigenomics (http://www.ncbi.nim.nih.gov/epigenomics) database of maps of the
epigenomes of various species and many cell types.

Human Epigenome Atlas (http://www.genboree.org/epigenomeatlas/index.rhtml)
from Baylor College of Medicine allows for comparison of the epigenomes of
many species and cell types.

GeneEd from the National Library of Medicine and the National Human Genome
Research Institute provides a list of educational resources about the epigenome
(https://geneed.nlm.nih.gov/topic_subtopic.php?tid=35&sid=36).

Ongoing research is being done with the Human Epigenome Project (http://
www.epigenome.org/).

The University of Utah provides an interactive epigenetics tutorial (http://
learn.genetics.utah.edu/content/epigenetics/).

The National Human Genome Research Institute provides a fact sheet (https://
www.genome.gov/27532724) on Epigenomics.

Many tools for understanding epigenomics are available through the NIH
Common Fund Epigenomics Project (https://commonfund.nih.gov/epigenomics/).
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How do cells divide?

There are two types of cell division: mitosis and meiosis. Most of the time when
people refer to “cell division,” they mean mitosis, the process of making new
body cells. Meiosis is the type of cell division that creates egg and sperm cells.

Mitosis is a fundamental process for life. During mitosis, a cell duplicates all of
its contents, including its chromosomes, and splits to form two identical daughter
cells. Because this process is so critical, the steps of mitosis are carefully
controlled by a number of genes. When mitosis is not regulated correctly, health
problems such as cancer can result.

The other type of cell division, meiosis, ensures that humans have the same
number of chromosomes in each generation. It is a two-step process that
reduces the chromosome number by half—from 46 to 23—to form sperm and
egg cells. When the sperm and egg cells unite at conception, each contributes 23
chromosomes so the resulting embryo will have the usual 46. Meiosis also allows
genetic variation through a process of DNA shuffling while the cells are dividing.

Mitosis /,_ Farent cell Meiosis \ Parent cell
K > |

J I DNA replicates

DMA rephicates @
-/ 2 daughter

/ o | @ @\“‘“

cells

’/ﬁ_—\\ 4 daughter

U O /—\ /—\ceu-;

Mitosis and meiosis, the two types of cell division.
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For more information about cell division:

Information about mitosis (https://geneed.nlm.nih.gov/topic_subtopic.php?
tid=1&sid=2) and meiosis (https://geneed.nim.nih.gov/topic_subtopic.php?
tid=1&sid=3) is available from GeneEd.

The University of lllinois at Chicago offers an outline of meiosis, mitosis, and
regulation of the cell cycle (http://bio100.class.uic.edu/lecturesfO4am/lect16.htm).

North Dakota State University's Virtual Cell Animation Collection offers videos
that illustrate the processes of mitosis (http://vcell.ndsu.nodak.edu/animations/
mitosis/movie-flash.htm) and meiosis (http://vcell.ndsu.nodak.edu/animations/
meiosis/movie-flash.htm).
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How do genes control the growth and division of cells?

A variety of genes are involved in the control of cell growth and division. The cell
cycle is the cell’'s way of replicating itself in an organized, step-by-step fashion.
Tight regulation of this process ensures that a dividing cell’s DNA is copied
properly, any errors in the DNA are repaired, and each daughter cell receives

a full set of chromosomes. The cycle has checkpoints (also called restriction
points), which allow certain genes to check for mistakes and halt the cycle for
repairs if something goes wrong.

If a cell has an error in its DNA that cannot be repaired, it may undergo
programmed cell death (apoptosis) (image on page 73). Apoptosis is a

common process throughout life that helps the body get rid of cells it doesn’t
need. Cells that undergo apoptosis break apart and are recycled by a type of
white blood cell called a macrophage (image on page 73). Apoptosis protects
the body by removing genetically damaged cells that could lead to cancer, and it
plays an important role in the development of the embryo and the maintenance of
adult tissues.

Cancer results from a disruption of the normal regulation of the cell cycle. When
the cycle proceeds without control, cells can divide without order and accumulate
genetic defects that can lead to a cancerous tumor (image on page 74).

For more information about cell growth and division:

The National Institutes of Health's Apoptosis Interest Group (http://sigs.nih.gov/
cell-death/Pages/Miscellaneous.aspx) provides an introduction to programmed
cell death.

The National Cancer Institute's fact sheet What is Cancer? (http://
www.cancer.gov/about-cancer/what-is-cancer) explains the growth of cancerous
tumors.
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When a cell undergoes apoptosis, white blood
cells called macrophages consume cell debris.
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Genetic mutation and cancer development
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Cancer results when cells accumulate
genetic errors and multiply without control.
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How do geneticists indicate the location of a gene?

Geneticists use maps to describe the location of a particular gene on a
chromosome. One type of map uses the cytogenetic location to describe a
gene’s position. The cytogenetic location is based on a distinctive pattern of
bands created when chromosomes are stained with certain chemicals. Another
type of map uses the molecular location, a precise description of a gene's
position on a chromosome. The molecular location is based on the sequence of
DNA building blocks (base pairs) that make up the chromosome.

Cytogenetic location

Geneticists use a standardized way of describing a gene's cytogenetic location.
In most cases, the location describes the position of a particular band on a
stained chromosome:

17q12

It can also be written as a range of bands, if less is known about the exact
location:

17912-g21

The combination of numbers and letters provide a gene's “address” on a
chromosome. This address is made up of several parts:

*  The chromosome on which the gene can be found. The first number or
letter used to describe a gene's location represents the chromosome.
Chromosomes 1 through 22 (the autosomes) are designated by their
chromosome number. The sex chromosomes are designated by X or
Y.

*  The arm of the chromosome. Each chromosome is divided into two
sections (arms) based on the location of a narrowing (constriction)
called the centromere. By convention, the shorter arm is called p, and
the longer arm is called g. The chromosome arm is the second part of
the gene's address. For example, 5q is the long arm of chromosome 5,
and Xp is the short arm of the X chromosome.
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*  The position of the gene on the p or g arm. The position of a gene
is based on a distinctive pattern of light and dark bands that appear
when the chromosome is stained in a certain way. The position is
usually designated by two digits (representing a region and a band),
which are sometimes followed by a decimal point and one or more
additional digits (representing sub-bands within a light or dark area).
The number indicating the gene position increases with distance from
the centromere. For example: 14921 represents position 21 on the long
arm of chromosome 14. 14921 is closer to the centromere than 14q22.
Sometimes, the abbreviations “cen” or “ter” are also used to describe a
gene's cytogenetic location. “Cen” indicates that the gene is very close to the
centromere. For example, 16pcen refers to the short arm of chromosome 16 near
the centromere. “Ter” stands for terminus, which indicates that the gene is very
close to the end of the p or g arm. For example, 14qter refers to the tip of the
long arm of chromosome 14. (“Tel” is also sometimes used to describe a gene's
location. “Tel” stands for telomeres, which are at the ends of each chromosome.
The abbreviations “tel” and “ter” refer to the same location.)

Chromosomal location of a gene

-
1
-
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chromosome & 7

short arm p
Example gena:
+—————Centromere ————+ CFTR
i Chromosomal location;
7 s iy [T
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The CFTR gene is located on the long
arm of chromosome 7 at position 7931.2.
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Molecular location

The Human Genome Project, an international research effort completed in 2003,
determined the sequence of base pairs for each human chromosome. This
sequence information allows researchers to provide a more specific address than
the cytogenetic location for many genes. A gene’s molecular address pinpoints
the location of that gene in terms of base pairs. It describes the gene’s precise
position on a chromosome and indicates the size of the gene. Knowing the
molecular location also allows researchers to determine exactly how far a gene is
from other genes on the same chromosome.

Different groups of researchers often present slightly different values for a gene’s
molecular location. Researchers interpret the sequence of the human genome
using a variety of methods, which can result in small differences in a gene’s
molecular address. Genetics Home Reference presents data from NCBI (http://
www.ncbi.nim.nih.gov/sites/entrez?db=gene) for the molecular location of genes.

For more information on genetic mapping:

The National Human Genome Research Institute explains how researchers
create a genetic map (https://www.genome.gov/10000715).

The University of Washington provides a Cytogenetics Gallery (http://
www.pathology.washington.edu/galleries/Cytogallery/main.php?file=intro)
that includes a description of chromosome banding patterns (http://
www.pathology.washington.edu/galleries/Cytogallery/main.php?file=banding
+patterns).

Information about assembling and annotating the genome (http://
www.ncbi.nim.nih.gov/bookshelf/br.fcgi?book=handbook&part=ch14) is available
from NCBI.
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What are gene families?

A gene family is a group of genes that share important characteristics. In many
cases, genes in a family share a similar sequence of DNA building blocks
(nucleotides). These genes provide instructions for making products (such as
proteins) that have a similar structure or function. In other cases, dissimilar genes
are grouped together in a family because proteins produced from these genes
work together as a unit or participate in the same process.

Classifying individual genes into families helps researchers describe how genes
are related to each other. Researchers can use gene families to predict the
function of newly identified genes based on their similarity to known genes.
Similarities among genes in a family can also be used to predict where and when
a specific gene is active (expressed). Additionally, gene families may provide
clues for identifying genes that are involved in particular diseases.

Sometimes not enough is known about a gene to assign it to an established
family. In other cases, genes may fit into more than one family. No formal
guidelines define the criteria for grouping genes together. Classification systems
for genes continue to evolve as scientists learn more about the structure and
function of genes and the relationships between them.

For more information about gene families:

The HUGO Gene Nomenclature Committee (http://www.genenames.org/cgi-bin/
genefamilies/) (HGNC) has classified many human genes into families. Each
grouping is given a name and symbol, and contains a table of the genes in that
family.

The Gene Ontology (http://geneontology.org/) database lists the protein products
of genes by their location within the cell (cellular component), biological process,
and molecular function.

The Reactome (http://www.reactome.org/) database classifies the protein
products of genes based on their participation in specific biological pathways. For
example, this resource provides tables of genes involved in controlled cell death
(apoptosis), cell division, and DNA repair.
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Blood group antigens

Blood is classified into different groups according to the presence or absence

of molecules called antigens on the surface of every red blood cell in a person's
body. Antigens determine blood type and can either be proteins or complexes of
sugar molecules (polysaccharides). The genes in the blood group antigen family
provide instructions for making antigen proteins. Blood group antigen proteins
serve a variety of functions within the cell membrane of red blood cells. These
protein functions include transporting other proteins and molecules into and out
of the cell, maintaining cell structure, attaching to other cells and molecules, and
participating in chemical reactions.

Blood group antigens play a role in recognizing foreign cells in the bloodstream.
For example, if a person with blood type A receives a blood transfusion with
blood type B, the recipient's immune system will recognize the type B cells as
foreign and mount an immune response. Antibodies against type B blood cells
(anti-B antibodies) are made, which attack and destroy the type B blood cells.
This sort of blood type mismatch can lead to illness. Some blood types are
associated with more severe immune reactions than others. The blood type of
donated cells, or tissues in the case of organ donation, is checked before being
given to a recipient in order to prevent this immune response.

There are 29 recognized blood groups, most involving only one gene. Variations
(polymorphisms) within the genes that determine blood group give rise to the
different antigens for a particular blood group protein. For example, changes in

a few DNA building blocks (nucleotides) in the ABO gene give rise to the A, B,
and O blood types of the ABO blood group. The changes that occur in the genes
that determine blood group typically affect only blood type and are not associated
with adverse health conditions, although exceptions do occur.

Example of a gene in this gene family: SLC4A1

The HUGO Gene Nomenclature Committee (HGNC) provides an index of gene
families (http://www.genenames.org/cgi-bin/genefamilies/) and their member
genes.
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Learn more about the blood group antigens gene family:

National Library of Medicine: Blood Groups and Red Cell Antigens (2005): Blood
group antigens are surface markers on the red blood cell membrane (http://
www.ncbi.nim.nih.gov/books/NBK2264/#ch?2)

Emory University: The Genetics of Blood Type (http://genetics.emory.edu/
documents/resources/factsheet43.pdf)

NCBI: Blood Group Antigen Gene Mutations Database (http://
www.ncbi.nim.nih.gov/gv/rbc/xslcgi.fcgi?cmd=bgmut/home)
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Collagen proteoglycans

Genes in this family provide instructions for making the protein component of
large molecules called collagen proteoglycans. A proteoglycan is a molecule that
is made up of a core protein attached to one or more sugar molecules called
glycosaminoglycan (GAG) chains. The collagen proteoglycans gene family is a
subset of a larger gene family known as the proteoglycan superfamily.

The many different types of proteoglycans are classified according to their core
protein. The core protein produced by members of the collagen proteoglycans
gene family is collagen. Collagens are a family of proteins that strengthen

and support connective tissues, such as skin, bone, cartilage, tendons, and
ligaments. Collagen proteoglycans are major components of the extracellular
matrix, which is an intricate lattice of proteins and other molecules that forms in
the spaces between cells. The collagen proteoglycans bind to a variety of other
proteins in the extracellular matrix, including other forms of collagen.

Examples of genes in this gene family: COL9A1, COL9A2, COL9A3

The HUGO Gene Nomenclature Committee (HGNC) provides an index of gene
families (http://www.genenames.org/cgi-bin/genefamilies/) and their member
genes.
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Learn more about the collagen proteoglycan gene family:

Essentials of Glycobiology (first edition, 1999): Proteoglycans and
Glycosaminoglycans (http://www.ncbi.nlm.nih.gov/books/NBK20693/)
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Complement

Genes in the complement family provide instructions for making proteins involved
in the complement system, an essential part of the body's immune response. The
complement system is composed of more than 20 proteins that work together to
destroy foreign invaders (such as bacteria and viruses), trigger inflammation, and
remove debris from cells and tissues. This system must be carefully regulated so
it targets only unwanted materials and does not attack the body's healthy cells.

Several diseases have been associated with changes in complement genes.
Each of these genetic changes typically results in a shortage (deficiency) of

a single complement system protein. These deficiencies disrupt the normal
activity or regulation of the complement system, often leading to an increased
risk of bacterial infection or recurrent episodes of severe swelling (angioedema).
Complement system defects have also been found in autoimmune disorders
such as systemic lupus erythematosus. Autoimmune disorders occur when the
immune system malfunctions and attacks the body's own tissues and organs.

Examples of genes in this gene family: C8A, C8B, CFH, CFHRS5, CFlI, ITGB2

The HUGO Gene Nomenclature Committee (HGNC) provides an index of gene
families (http://www.genenames.org/cgi-bin/genefamilies/) and their member
genes.

References

Chen M, Daha MR, Kallenberg CG. The complement system in systemic
autoimmune disease. J Autoimmun. 2010 May;34(3):J276-86. doi: 10.1016/
J.jaut.2009.11.014. Epub 2009 Dec 11. Review. PubMed: 20005073 (http://
www.ncbi.nim.nih.gov/pubmed/20005073).

Rus H, Cudrici C, Niculescu F. The role of the complement system in innate
immunity. Immunol Res. 2005;33(2):103-12. Review. PubMed: 16234578 (http://
www.ncbi.nim.nih.gov/pubmed/16234578).

Thurman JM, Holers VM. The central role of the alternative complement pathway
in human disease. J Immunol. 2006 Feb 1;176(3):1305-10. Review. PubMed:
16424154 (http://www.ncbi.nlm.nih.gov/pubmed/16424154).

Learn more about the complement gene family:

MedlinePlus Encyclopedia: Complement (https://medlineplus.gov/ency/
article/003456.htm)

Merck Manual Professional Verson: Complement System (http://
www.merckmanuals.com/professional/immunology-allergic-disorders/biology-of-
the-immune-system/complement-system)
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Immunobiology (fifth edition, 2001): The Complement System and Innate
Immunity (http://www.ncbi.nlm.nih.gov/books/NBK27100/)
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Cytochrome p450

Enzymes produced from the cytochrome P450 genes are involved in the
formation (synthesis) and breakdown (metabolism) of various molecules and
chemicals within cells. Cytochrome P450 enzymes play a role in the synthesis of
many molecules including steroid hormones, certain fats (cholesterol and other
fatty acids), and acids used to digest fats (bile acids). Additional cytochrome
P450 enzymes metabolize external substances, such as medications that are
ingested, and internal substances, such as toxins that are formed within cells.
There are approximately 60 CYP genes in humans.

Cytochrome P450 enzymes are primarily found in liver cells but are also located
in cells throughout the body. Within cells, cytochrome P450 enzymes are

located in a structure involved in protein processing and transport (endoplasmic
reticulum) and the energy-producing centers of cells (mitochondria). The
enzymes found in mitochondria are generally involved in the synthesis and
metabolism of internal substances, while enzymes in the endoplasmic reticulum
usually metabolize external substances, primarily medications and environmental
pollutants.

Common variations (polymorphisms) in cytochrome P450 genes can affect the
function of the enzymes. The effects of polymorphisms are most prominently
seen in the breakdown of medications. Depending on the gene and the
polymorphism, drugs can be metabolized quickly or slowly. If a cytochrome
P450 enzyme metabolizes a drug slowly, the drug stays active longer and less
is needed to get the desired effect. A drug that is quickly metabolized is broken
down sooner and a higher dose might be needed to be effective. Cytochrome
P450 enzymes account for 70 percent to 80 percent of enzymes involved in drug
metabolism.

Each cytochrome P450 gene is named with CYP, indicating that it is part of the
cytochrome P450 gene family. The gene is also given a number associated with
a specific group within the gene family, a letter representing the gene's subfamily,
and a number assigned to the specific gene within the subfamily. For example,
the cytochrome P450 gene that is in group 27, subfamily A, gene 1 is written as
CYP27A1.

Diseases caused by mutations in cytochrome P450 genes typically involve the
buildup of substances in the body that are harmful in large amounts or that
prevent other necessary molecules from being produced.

Examples of genes in this gene family: CYP1B1, CYP2C9, CYP2C19, CYP4V2,
CYP11B1, CYP11B2, CYP17A1, CYP19A1, CYP21A2, CYP27B1
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The HUGO Gene Nomenclature Committee (HGNC) provides an index of gene
families (http://www.genenames.org/cgi-bin/genefamilies/) and their member
genes.
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